Archae possess unique biochemical systems quite distinct from the pathways present in eukaryotes and eubacteria. 7,8-Dimethyl-8-hydroxy-5deazaflavin (F 0) and F420 are unique deazaflavin-containing coenzyme and methanogenic signature molecules, essential for a variety of biochemical transformations associated with methane biosynthesis and light-dependent DNA repair. The deazaflavin cofactor system functions during methane biosynthesis as a lowpotential hydrid shuttle F 420/F420H2. In DNA photolyase repair proteins, the deazaflavin cofactor is in the deprotonated state active as a light-collecting energy transfer pigment. As such, it converts blue sunlight into energy used by the proteins to drive an essential repair process. Analysis of a eukaryotic (6-4) DNA photolyase from Drosophila melanogaster revealed a binding pocket, which tightly binds F 0. Residues in the pocket activate the cofactor by deprotonation so that light absorption and energy transfer are switched on. The crystal structure of F0 in complex with the D. melanogaster protein shows the atomic details of F0 binding and activation, allowing characterization of the residues involved in F0 activation. The results show that the F0/F420 coenzyme system, so far believed to be strictly limited to the archael kingdom of life, is far more widespread than anticipated. Analysis of a D. melanogaster extract and of a DNA photolyase from the primitive eukaryote Ostreococcus tauri provided direct proof for the presence of the F0 cofactor also in higher eukaryotes.
O rganisms belonging to the archaeal kingdom of life possess a unique biochemistry; e.g., for the reduction of CO 2 to methane. The underlying biochemical machinery requires unusual redox cofactors not found in the world of eukaryotes. For methane biosynthesis in anaerobic bacteria, for example, coenzyme 7,8-dimethyl-8-hydroxy-5-deazaflavin (F 0 ) or its oligoglutamylated analogue F 420 is necessary, and they are predominant cellular constituents are present at up to 100 mg/kg cells (1) . The 8-hydroxy-5-deazariboflavin coenzymes F 0 and F 420 are signature molecules for methanogenic bacteria and are used in nature for 2 different purposes: In the protonated 8-hydroxy form shown in Fig. 1A , the cofactor is an essential hydride shuttle (F 420 /F 420 H 2 ) operating at a significantly lower redox potential (Ϫ360 mV) than the eukaryotic nicotinamide system (Ϫ320 mV) and plays a key role in methane biosynthesis in methanogens (1) (2) (3) (4) . Upon deprotonation of the 8-hydroxy group (Fig. 1 A) , F 0 and F 420 lose their redox capabilities but turn into highly colored delocalized anions ( max ϭ 440 nm), which possess a strong fluorescence emission at max ϭ 475 nm. These photophysical properties of F 0 are exploited by some DNA photolyases, which are highly efficient, light-driven DNA repair enzymes, protecting organisms from the mutagenic and cytotoxic effects of UV irradiation (5) . In DNA photolyases, the deprotonated deazaflavin cofactor absorbs visible light and transfers the energy as an antenna pigment to an FADH Ϫ , which performs an electron transfer to UV-damaged DNA. This initiates cleavage of the mutagenic cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts (6) . In these DNA photolyases, the FADH Ϫ cofactor is vital for specific binding of damaged DNA as well as for catalysis, whereas the deazaflavin antenna chromophore is not essential for enzyme function. However, under light-limiting conditions it has been shown for CPD photolyases that the repair rate can increase 10-to 100-fold in the presence of the antenna pigment because of its higher extinction coefficient and its red shifted absorption maximum compared with FADH Ϫ (7). Although F 0 and F 420 are essential cellular components for methanogens and cyanobacteria (1, 8) , their presence in higher eukaryotes has never been observed. Indeed, all organisms Author contributions: T.C. designed research; A.F.G., M.J.M., M.C., S.S., and E.K. performed research; I.S. contributed new reagents/analytic tools; A.F.G., M.J.M., M.C., T.R.M.B., S.S., E.K., and I.S. analyzed data; and A.F.G., M.J.M., S.S., and T.C. wrote the paper. belonging to the eukaryotic kingdom of life are thought to use the nicotinamide system [NAD(P)/NAD(P)H Ϫ ] for hydride transfer and methenyltetrahydrofolate (MTHF) (Fig. 1B) as the light antenna chromophore in their DNA photolyases. Here, we report that this view has to be changed.
Results and Discussion
Recently, the first crystal structure of a (6-4) DNA photolyase from Drosophila melanogaster in complex with a DNA duplex containing a site-specific (6-4) lesion was reported (9) . The crystal structure of recombinant enzyme, overexpressed and purified in Escherichia coli, showed the essential electrondonating FAD cofactor but no additional photoantenna. However, closer inspection of the crystal structure revealed a putative binding site for an antenna chromophore. The location and architecture of this pocket resembles the binding site of bacterial and fungal photolyases, which use deazaflavin derivatives as light antennas. To characterize this enzyme-binding site in more detail, we added riboflavin and various riboflavin derivatives, such as FMN, which are known to bind into the deazaflavinbinding pocket of bacterial and fungal photolyases, to the (6-4) protein solution. However, in all cases the spectroscopic signature of the (6-4) photolyase did not change. In addition, we added MTHF to the reduced D. melanogaster photolyase. MTHF also showed no affinity for the protein and no change in the UV and fluorescence spectrum of the protein after addition of MTHF was observed. In addition, soaking experiments with the potential cofactors and the (6-4) photolyase-DNA complex crystals followed by X-ray crystallographic analysis demonstrated the lack of binding. In all cases, only an empty photoantenna-binding site was detected. Finally, we added the archaeal cofactor F 0 to the eukaryotic D. melanogaster (6-4) photolyase and noticed an immediate change of the absorption and fluorescence spectrum. After addition of F 0 , an additional absorption peak at (abs) max ϭ 440 nm ( Fig. 2A Left) and a strong fluorescence signal at (em) max ϭ 475 nm (Fig. 2 A Right) were detected. These data are in perfect agreement with the spectroscopic signatures of F 0 containing DNA photolyases from cyanobacteria. They show that F 0 is not only bound but also correctly deprotonated in the chromophore-binding pocket (10, 11) , because the redox-active, protonated version of F 0 has clearly distinguishable spectroscopic characteristics, with absorption and emission maxima of 400 nm and 430 nm, respectively (12) (13) (14) . To characterize the binding constant, we titrated into a defined F 0 solution increasing amounts of enzyme and measured the UV/Vis absorption changes. This allowed us to determine the binding constant for F 0 to the D. melanogaster (6-4) photolyase to be approximately K d ϭ 8.6 M ( Fig. S1 and SI Text). This value compares very well to the binding constant of the primary cofactor FAD, known to be bound more tightly. The binding constant for FAD to the E. coli apo-CPD photolyase was determined to be
To investigate whether the enzyme containing the deprotonated F 0 is able to funnel light energy to the FADH Ϫ cofactor, we compared the enzymatic repair activity of F 0 -deficient enzyme with F 0 -reconstituted D. melanogaster (6-4) photolyase at 440 nm (Fig. 2B ). In the presence of F 0 , the repair efficiency was increased significantly, by approximately a factor of 5. This shows that the F 0 cofactor is not only bound and deprotonated by the enzymes, but that it is able to funnel energy to the FADH Ϫ . As reported previously, the antenna chromophore is not essential for DNA binding and photolyase function but increases the repair efficiency.
To characterize the binding mode of F 0 to the (6-4) photolyase, cocrystallization studies with cofactor F 0 , the oxidized enzyme, and a 15-mer DNA duplex with a site-specific T(6-4)T lesion were carried out (9) . Crystals of the (6-4) photolyase in complex with the T(6-4)T lesion-containing DNA duplex with FAD and the F 0 cofactor bound in the photoantenna-binding pocket diffracted X-rays to 2.1-Å resolution. The structure was solved by molecular replacement using the coordinates of the previously determined photolyase-DNA complex [Protein Data Bank (PDB) ID code 3CVU; see Table S1 for data collection and refinement statistics].
The overall structure with the F 0 cofactor tightly bound in the light-harvesting pocket is depicted in Fig. 3A (see Fig. S2 for an example of the electron density). Deprotonation of F 0 is achieved by the residues Arg-60 and Lys-266, which contact the 8-hydroxy group (Fig. 3B) . Moreover, a conformational change of the surface loop consisting of residues 47-65 was observed, with Ile-50 packing over the deazaflavin ring system and Trp-53 partly shielding the binding pocket from the solvent (Fig. 3C) . Overall, the structure of the F 0 -binding pocket and the distances between the centers of the heterocyclic rings in F 0 and FAD (17.2 Å) resembled those of the photolyases of Anacystis nidulans (18.2 Å; PDB ID code 1TEZ; Fig. 3D ) (16, 17) and Thermus thermophilus (15.4 Å; PDB ID code 2J07) (18, 19) and of the cryptochrome from Sulfolobus tokodaii (17.3 Å; PDB ID code 2E0I) (20) . In all of these cases, hydrophobic residues lined the bottom of the binding site ( Fig. S3 and Table S2 ). The crystal structures suggest that the basic energy-and electron-transfer mechanisms used by the eukaryotic (6-4) photolyases of D. melanogaster are similar to those used by the bacterial class I CPD photolyases. Light absorption is performed by the F 0 cofactor, which funnels the energy over a distance of Ϸ15 Å (ring to ring) to the FADH Ϫ (21). Electron transfer then occurs to the lesion from the light-excited FADH Ϫ over a rather short distance of only 2.7 Å (NH 2,FADadenine -O 4,lesion ) if we assume that the adenine ring of the FAD participates in the electron-donation step. The structure shows that the photophysically critical cofactor-cofactor arrangement did not change during evolution. Model studies indeed prove that the distance between both cofactors is a critical parameter because the deprotonated F 0 cofactor can function as an alternative electron acceptor, inter- cepting the required electron donation from the FADH Ϫ to the lesion (21) .
The ability of a eukaryotic protein to bind and activate cofactor F 0 for light-harvesting function indicates that nature uses coenzyme F 0 more widely than previously thought. F 0 is clearly more widespread than believed and is important for light-dependent DNA repair in higher eukaryotes. To show that the (6-4) photolyase F 0 -binding site is not an evolutionary relict, we isolated F 0 directly from D. melanogaster by using an adapted method of isolating a riboflavin derivative from a fungus (22) .
For this, commercially available fruit flies were sucked by applying high vacuuming into a glas vial cooled to Ϫ80°C. The deep-frozen fruit flies were extensively washed with PBS (PBS buffer, pH 7.4) and collected by filtration. Then, the fruit flies were milled with mortar and pestle in liquid nitrogen. The fly paste obtained was solubilized with RIPA buffer (150 mM NaCl and 20 mM Tris, pH 7.5), and insoluble material was separated by centrifugation. The insoluble residual fly material was treated with methanol/water (4:1) and further disrupted in a tissue lyzer. The combined soluble fractions were concentrated and passed over a Sephadex column. Those fractions showing a fluorescence signal were pooled and further separated by preparative HPLC (Nucleodur column, water-acetonitrile gradient). The fractions with an absorption signal at 260 nm were concentrated and finally analyzed by analytical HPLC again using a Nucleodur column. The corresponding chromatogram measured with a detection wavelength of 260 nm is shown in Fig. 4A . At a retention time of 32 min, a small peak was detectable, which featured an absorption spectrum with a maximum at 422 nm (Fig. 4 A, black line) . Retention time and UV spectrum were identical to an authentic synthetic F 0 (Fig. 4 A, red line) sample. Analysis of the D. melanogaster extract by HPLC with UV detection at 422 nm (Fig. 4B ) and f luorescence detection at 475 nm (Fig. 4C ) again provided retention times identical to the synthetic F 0 , proving the presence of the cofactor in D. melanogaster.
To study the etiology of deazaflavin cofactors, we analyzed the (6-4) photolyase from the smallest free-living eukaryote, Ostreococcus tauri, belonging to the most ancient group of organisms within the evolutionary lineage of green plants (23, 24) . The (6-4) photolyase was cloned and overexpressed in E. coli. The protein was again obtained without a second light-harvesting cofactor. However, after addition of F 0 to the protein solution, UV and absorption spectra could be observed, in line with the data of the F 0 -reconstituted (6-4) photolyase from D. melanogaster. Determination of the repair activity before and after reconstitution revealed again that binding of F 0 increases the repair efficiency by a factor of 5, showing that this (6-4) photolyase also used the F 0 cofactor as a light antenna. (Fig. 2B) . In O. tauri, a BLAST search provided evidence for the presence of the fbiC gene, coding for the bifunctional F 0 synthetase (Figs. S4 and S5) and initially characterized in Mycobacterium tuberculosis (25) . FbiC belongs to the radical S-Adenosyl methionine (SAM) superfamily of enzymes and catalyzes the synthesis of F 0 from 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (compound 6), an intermediate in riboflavin biosynthesis, and 4-hydroxyphenylpyruvate, a biosynthetic precursor of tyrosine (26, 27) . FbiC homologues can only be found in Archeae and in some species of the Bacteria superkingdom, such as in the phyla of Actinobacteria, Proteobacteria, and Firmicutes. In eukaryotes, FbiC homologues were only be found in Chlorophyta (green algae). This study shows that O. tauri is a small eukaryote able to biosynthesize F 0 . The blast search also supports earlier data reported by Eker (8) , who showed spectroscopic evidence for the occurrence of F 0 in the photolyase from the green algae Scenedesmus acutus. In contrast, higher plants, such as Arabidopsis thaliana, which also possess DNA photolyases, are known to use MTHF as the antenna pigment (28) .
DNA photolyases are present in almost all living organisms, with the only exception being placental mammals, such as humans and mice. These species depend on the nucleotide excision repair pathway to remove UV lesions from the genome (29) . However, homologous proteins do exist in mammals, which appear to have evolved to function as blue-light photoreceptors for synchronizing the circadian clock (7) .
The special redox properties of F 0 are key factors that allow methanogens to biosynthesize methane and, to date, all data indicate that this function is clearly limited to the archaeal kingdom of life. Nevertheless, the light-gathering and energytransfer properties of the deprotonated F 0 cofactor seem to be more widespread in nature. These properties are important for the repair of UV-induced lesions by photolyases. DNA photolyase-dependent genome repair is found in all 3 kingdoms of life, including eukaryotes. Although such eukaryotes as O. tauri may be able to biosynthesize F 0 , other higher-developed eukaryotes have lost this capability. In the case of D. melanogaster, F 0 is possibly provided by Wolbachia, a parasitic genus of Proteobacteria known to live in the intestine of the fruit fly (30) (31) (32) . In this sense, F 0 in the fruit fly is a vitamin needed to boost the light-dependent DNA repair efficiency.
Materials and Methods
Cloning and Overexpression of D. melanogaster (6-4) Photolyase. The enzyme was cloned, expressed, purified, and crystallized as described in ref. 9 . Briefly, the enzyme was overexpressed in E. coli [Rosetta-gami pLysS (DE3); Novagen] and the cells lysed by using a French press or a high-pressure homogenizer (Avestin Europe). After removal of the cell debris by centrifugation and treatment of the supernatant with DNase I, the protein was purified by affinity chromatography using a Strep-Tactin II column (IBA), followed by a heparin column (GE Healthcare). All purification steps were carried out at 4°C, and the purification was monitored by SDS/PAGE. The purified (6-4) photolyase was concentrated and transferred to a glove box for short-term storage. Protein concentration was measured by the method of Bradford.
Cloning and Overexpression of O. tauri (6-4) Photolyase. O. tauri (6-4) photolyase (AAU14280) was PCR-amplified from genomic DNA by using Vent and TaqDNA polymerases (New England Biolabs) with the 2 primers 5Ј-GGA TCC ATG TCC GTC GCG TCC A-3Ј and 5Ј-GCG GCC GCT CAA TCA CTC GCC TTG CGC TT-3Ј. The PCR product was cloned via the pCR2.1-TOPO vector (Invitrogen) into the multicloning site of pGEX-6P-1 (GE Healthcare) between the restriction sites BamHI and NotI. The enzyme was overexpressed in E. coli strain Rosetta-gami pLysS (DE3) as an N-terminal GST-fusion protein. Cells were cultivated (37°C, 155 ϫ g) in TB (terrific broth) medium until OD 600 ϭ 1.0. Protein expression was induced by addition of 1 mM IPTG. After a further 12-h incubation at 16°C, cells were harvested (10,000 ϫ g, 8 min, 4°C) and stored at Ϫ20°C. The cells were lysed and cell debris removed by centrifugation before treatment with DNase I. The crude protein extract was purified with a GSTrap column (GE Healthcare) according to the manufacturer's recommendation. Further purification using a Heparin column (GE Healthcare) was performed as described above. The GST tag was cleaved by using PreScission protease (GE Healthcare) according to the manufacturer's recommendation. Removal of the tag resulted in a less stable protein, but no differences in the repair activity of the tag-free and GST-tagged protein were observed. Thus, the GST-tagged enzyme was used to determine the repair efficiency. The quality of the purification was monitored by SDS/PAGE.
Reconstitution Experiments and Determination of the F0-Binding Constant. F0 was synthesized according to the protocol of Kimachi et al. (33) , Kuhn and Weygand (34) , and Maley and Plaut (35) . Reconstitution experiments were performed with a 10-fold molar excess of cofactors F0, FAD, riboflavin, FMN, and MTHF. Excess cofactor was removed by a desalting column (PD-10; GE Healthcare). The reconstitution was investigated by UV/Vis absorption and fluorescence (ex ϭ 370 nm) measurements using a Carey 100 Bio (Varian) spectrophotometer and an FP-750 (Jasco) spectrofluorometer. Measurements were carried out in StrepB buffer (100 mM Tris⅐HCl, pH 8.0; 150 mM NaCl; 1 mM EDTA; and 2.5 mM desthiobiotin). For determination of the binding constant of F0 to the (6-4) photolyase, a defined F0 solution was titrated with increasing amounts of enzyme, and the UV/Vis absorption spectra were recorded. The binding event was obtained by the total spectral difference at ϭ 420 nm after adding aliquots of (6-4) photolyase (Fig. S1 ).
Structure Determination. Cocrystals of the D. melanogaster photolyase were obtained by mixing the protein with lesion-containing DNA in a 1:1.1 molar ratio, adding a 10-fold molar excess of cofactor to the crystallization setup. The crystals were grown under the same conditions as the (6-4) photolyase in complex with DNA in the dark [0.1 M Hepes, pH 7.0; and 15-20% (wt/vol) PEG 4000; 20°C] (9). Diffraction data were collected at the Swiss Light Source, beamline X10SA, Paul Scherrer Institute (Villigen, Switzerland) and were processed with XDS (36). The structure was solved by molecular replacement in PHASER (37) using the coordinates of the photolyase-DNA complex (PDB ID code 3CVU) as a search model. This was followed by simulated annealing (CNS) (38) before model building in COOT (39) and model refinement with REFMAC (40) . All structural figures were prepared by using PyMol (41) .
Cofactor Isolation from D. melanogaster. The cofactor F0 was isolated from commercially available fruit flies (www.zoo-discounter.de) by a method adapted from isolation of a riboflavin derivative from a fungus (22) . The flies were aspirated with a vacuum pump and frozen at Ϫ80°C. A total of 30 g of collected frozen fruit flies were washed rigorously 3 times with PBS (pH 7.4) and were extracted in a 2-step method. First, the fruit flies were milled with mortar and pestle in liquid nitrogen and were solubilized with RIPA buffer (150 mM NaCl; 20 mM Tris, pH 7.5; 1% Nonidet P-40; and 5 mM EDTA), and the crude cell components were removed by centrifugation (30 min; 44,000 ϫ g). The pellet was resuspended in methanol/water (4:1) and further disrupted by using a tissue lyzer (Qiagen). The combined crude extracts were concentrated (5 g) and purified via Sephadex G10/LH20 (GE Healthcare) chromatography (mobile phase: methanol/water 3:1). The corresponding fluorescent fractions were combined, concentrated, and purified via preparative reverse-phase HPLC [Nucleodur column (Machery-Nagel); 100 Å; 7 m; eluting buffers 
